Abstract
Introduction

The signal transduction pathways activated by Toll-like receptors (TLRs) have been the focus of much attention because of the important role that TLRs play in inflammatory diseases (reviewed by
.
The intracellular domain of TLRs is similar to that of members of the interleukin-1 receptor (IL-1R) family, which activate similar intracellular signalling pathways. TLR/IL-1R signalling results in the activation of several transcription factors, such as members of the
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• Pellino proteins are extremely well conserved during evolution • Genomic organisation and protein structure of Pellino [4] (Fig. 1,  step 1 ). Although final proof is still missing, it has been suggested that close proximity in the receptor complex (Complex I, as described by [10] ) enables IRAK-4 to phosphorylate IRAK-1, leading to its activation and IRAK-1 autophosphorylation ( [11] [12] [13] , Fig. 1, steps 2 and 3) . Active IRAK-1 also phosphorylates Tollip, supposedly a silencer for quiescent IRAK-1 [14, 15] , which subsequently leaves the receptor complex (Fig. 1, step 4 [17] , and the adaptor molecules TAB1 [18] and TAB2 [19] or TAB3 [20] (Fig. 1, steps 5-7) , thus forming Complex II [10] . After phosphorylation of TAK1 and TAB2, the newly formed TRAF6-TAB2/3-TAK1-TAB1 complex migrates to the cytosol (Fig. 1, step 8 ; now called Complex III [10] ), while IRAK-1 has been suggested to remain at the membrane and to disappear by proteasomal degradation (Fig. 1, step 9) . Interestingly, a redistribution of IRAK-1 from the receptor complex to the nucleus has also been shown upon receptor triggering, but the function of nuclear IRAK-1 remains speculative [21] . Cytosolic TRAF6 is modified via a K63-linked polyubiquitin chain, which is a prerequisite for TAK1 activation ( [22] , Fig. 1, step 10 
• Pellino proteins interact with key mediators in TLR/IL-1R-induced signalling pathways • Role of Pellino proteins in TLR/IL-1R signalling to NF-B and MAPK • Perspectives nuclear factor-κB (NF-κB) family and the interferon regulatory factor (IRF) family, which stimulate the expression of multiple proinflammatory genes that help to shape the immune response. The last couple of years, our understanding of the molecular mechanisms of TLR/IL-1R signalling to NF-κB and IRFs has increased considerably. All TLR/IL-1R family members contain a similar intracellular domain, known as the TIR domain, which binds specific adaptor proteins through homotypic TIR-TIR interactions. Four different adaptor proteins have been described: MyD88, Mal (TIRAP), TRIF (TICAM-1) and TRAM (TICAM-2) (reviewed by
Pellino proteins are extremely well conserved during evolution
The signalling pathways initiated by members of the mammalian TLR/IL-1R family are evolutionary conserved with the Drosophila Toll protein-mediated pathway [26] . Toll 
Fig. 1 Schematic overview of LPS-induced MyD88-dependent signalling leading to IKK and MAPK activation. Upon LPSbinding (mediated by MD-2 and CD14) to TLR4 and subsequent TLR4 clustering, Mal, MyD88, IRAK-1, Tollip and IRAK-4 are recruited to the cytoplasmic part of the receptor via TLR4/MyD88 TIR-TIR interactions (1). IRAK-4 phosphorylates IRAK-1 (2), leading to IRAK-1 activity and autophosphorylation (3). Tollip is also phosphorylated by IRAK-1 and leaves the receptor complex (Complex I) (4). IRAK-1 interacts with TRAF6 and the TRAF6 adaptor protein TIFA (5). IRAK-1/TRAF6/TIFA leave the receptor complex (6) and associate with the preformed (but inactive) TAK1/TAB1/TAB2 complex (7), resulting in the formation of Complex II. There, TAK1 and TAB1 are phosphorylated after which TRAF6/TAK1/TAB1/TAB2 migrate back to the cytosol (8), while IRAK-1 remains at the membrane and is most likely degraded by the proteasome (9). TIFA promotes the oligomerization and activation of TRAF6, leading to TRAF6 K63-linked polyubiquitination and subsequent TAK1 activation (10). TAK1 is then responsible for the downstream activation of IKK as well as MAPK pathways (11). Pellino proteins associate with IRAK-1, TRAF6 and TAK1 in Complex II and III, and become phosphorylated by IRAK-1 (12). Pellino-1 and -2 also induce IRAK-1 polyubiquitination (13). DD = Death
Genomic organization and protein structure of Pellino
The genes encoding human Pellino-1, Pellino-2 and Pellino-3 have been mapped to chromosome 2, chromosome 14, and chromosome 11, respectively [28] [29] . At least two splice variants of Pellino-3 exist in humans [29] . The longest form [32] . [25, 30, 33] [34, 35] ) and are best known for their occurrence in RING E3 ubiquitin ligases [34] . The name C3HC4 denotes the sequence order of the 8 Cys and His residues that coordinate two Zn-atoms, resulting in a 'cross-brace' protein motif [36] . [25, 37] , Fig. 3 ). [25, [29] [30] [31] [38] [39] [40] . Moreover, all three mammalian Pellino proteins also interact with TRAF6 and TAK1 [29, 30, [39] [40] [41] [29] . Pellino-3 was also shown to bind the Ser/Thr kinase NIK [29] [39] . In contrast to others [29, 41] Pellino-3 demonstrated that Y44 is crucial for binding of IRAK-1 [40] . Although this residue is conserved in Pellino-1 (Y17 in human Pellino-1) and -2 (Y19 in human Pellino-2), it is dispensable for IRAK-1 binding of these proteins [40] . Pellino mutants truncated at their C-terminus (e.g. human Pellino-1 ) are strongly impaired in IRAK-1 binding, suggesting that also the C-terminal part of Pellino contributes to IRAK-1 binding [25] . Pellino-3 binding with TRAF6 and TAK1 occurs through amino acids downstream of position 135 [40] , and binding of mouse Pellino-2 to Bcl-10 is mediated by a region spanning amino acids 169-233 [42] . As mentioned before, the more [25] . Drosophila Pellino/Pelle as well as all human Pellino/IRAK-1 interactions are dependent on an intact IRAK-1 kinase domain [25, 27, 29] . Furthermore, co-expression of IRAK-1 and Pellino-1, -2, or -3 in HEK293 cells leads to Pellino phosphorylation (Fig. 1, step 12) [25, 38] (Fig. 1, step 13) [25] . [31, 38, 41] Pellino-3 -+ + + [29, 40] 
A domain search of Pellino protein sequences with different algorithms did not reveal any significant matches for the more variable N-terminal part of Pellino proteins. However, we and others noted a C3HC4 RING-like motif in the C-terminal part of Pellino proteins
. RING domains mediate protein-protein and protein-DNA interactions in a diverse group of proteins (reviewed by
Two invariant Cys-Pro-X-Cys motifs (amino acids 333-336 and 395-398 in human Pellino-1) and two absolutely conserved Cys-Gly-His triplets (amino acids 367-369 and 311-313 in human Pellino-1) are present in all Pellino proteins. Alignment of a consensus mammalian Pellino RING sequence with a consensus C3HC4 RING domain sequence revealed that the order of Cys and His residues in both RING domains differs and therefore we proposed to call the Pellino-type RING domain CHC2CHC2 (
Pellino proteins interact with key mediators in TLR/IL-1R-induced signalling pathways
Similar to the originally described interaction of Drosophila Pellino with Pelle, all mammalian Pellino proteins were shown to interact with IRAK-1 and IRAK-4 (the latter was not yet reported to interact with Pellino-3)
. Based on the observation that Pellino-3 can simultaneously interact with endogenous IRAK-1, TRAF6 and TAK1 upon IL-1 stimulation, it was hypothesized that Pellino proteins might act as scaffold proteins that regulate signalling branch-points in TLR/IL-1R signalling to NF-κB and MAPKs
C-terminal part (downstream of residue 300) of Pellino proteins contains a novel CHC2CHC2 RING domain. Whereas efficient binding of Pellino proteins to IRAK-1 requires their C-terminal region, binding is independent of a structurally intact RING domain
